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Neutron decay spectroscopy has become a successful tool to explore
nuclear properties of nuclei with the largest neutron-to-proton ratios. Res-
onances in nuclei located beyond the neutron dripline are accessible by
kinematic reconstruction of the decay products. The development of two-
neutron detection capabilities of the Modular Neutron Array (MoNA) at
NSCL has opened up the possibility to search for unbound nuclei which
decay by the emission of two neutrons. Specifically this exotic decay mode
was observed in 16Be and 26O.
PACS numbers: 21.10.-k, 21.10.Dr, 25.60.-t, 27.20.+n, 27.30.+t, 29.30.Hs
1. Introduction
Exploration of nuclear systems with the largest neutron excess requires
the study of neutron-unbound states and nuclei. The first neutron-unbound
nucleus was already discovered in 1937 by Williams, Shepperd, and Haxby
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Fig. 1. Section of the chart of nuclei. Stable nuclei are indicated by black squares
and the dark blue line denotes the neutron drip line. Note that the drip line is
experimentally only verified up to oxygen and the status of heavier fluorine isotopes
has not been determined in experiments. Nuclei for which neutron-unbound states
have been measured are color coded according to their detection technique: missing
mass with transfer reactions (red), β-delayed neutron decay (blue) and invariant
mass (yellow) measurements. The white squares beyond the drip line indicate
isotopes which have been shown to be neutron unbound. (Adapted from Ref. [4])
who used the transfer reaction 7Li(d,α)5He to deduce the existence of 5He
from the measured α-particle spectrum [1]. It took almost 30 years until
the next unbound resonance was unambiguously identified with the deter-
mination of the scattering length of the dineutron system in 1965 [2]. An
overview of the discovery of light neutron-unbound nuclei can be found in
reference [3].
Transfer reactions with stable beams were initially the best method to
populate and study unbound states, although pion induced reactions were
also an effective tool by utilizing the missing mass method. These reactions
are limited to the lightest unbound nuclei where the dripline is relatively
close to the stable isotopes which have to be available as targets. In order to
reach heavier unbound systems new methods had to be developed. Figure 1
gives an overview of the different methods which were first used to observe
neutron unbound states from helium to fluorine. Nuclei where the unbound
states were first observed with transfer reactions with stable or pion beams
dominate the region close to the valley of stability and are shown in red.
Beta-delayed neutron emission was utilized to observe unbound states in
18N, 21O, and 22O for the first time (blue); this method was also used to
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study many of the nuclei closer to stability. Invariant mass measurements
shown in yellow were necessary to populate even more neutron-rich nuclei.
The diagonally shaded nuclei were explored with the missing mass as well as
invariant mass method. The white squares beyond the dripline (solid thick
line) show the isotopes which have been demonstrated to be unbound but
no spectroscopy data has been measured. Although not explicitly stated,
17Be and 23C are almost certain to be unbound because at least one heavier
isotone for these isotopes has already been shown to be unbound. Similarly,
18Be is not expected to be bound because already 16Be is unbound. Thus,
all bound isotopes up to oxygen have been observed. However, there are still
several bound isotopes where no unbound excited states have been observed
as well as several unbound isotopes where the resonance parameters are not
yet known.
The first nucleus demonstrated to be unbound with respect to two-
neutron emission was 5H [5]. Subsequently resonances in 10He [6] and 13Li
[7] were reconstructed using invariant mass measurements with radioactive
beams. In the present paper we discuss results of recent two-neutron mea-
surements of 16Be [8] and 26O [9].
2. 16Be
16Be was predicted to be bound with respect to one-neutron emission
but unbound with respect to two-neutron emission and is thus an ideal
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Figure 5. Energy and decay level diagram for 16Be. The solid blue lines represent previous
experimental observations of the first excited state in 14Be [36] and a lower limit on the position
of the 15Be ground state [37]. The 16Be ground state measurement from the current work is
shown as the solid red line. The dashed black lines represent shell model calculations using the
WBP interaction [35].
component estimated by the Monte Carlo simulation. The false 2n events consist of a significant
portion of the spectrum, yet the 26O ground state resonance appears to consist of mostly true
2n events. Removal or reduction of the false 2n events can provide additional evidence for the
presence of the ground state resonance. Two methods were used for this: (1) the simulated
false 2n events were subtracted from the experimental 3-body spectrum, Fig. 3(c), and (2) the
causality cuts were applied to the data, Fig. 3(d). After subtracting the simulated false 2n
events, the spectrum contains only the ground state resonance and a background level of counts
at higher decay energies. Applying causality cuts of D12 > 25 cm and V12 > 7 cm/ns to both
the simulated and experimental data shows a reduction in the false 2n events by a factor of 3
with the ground state resonance observed well above the false 2n component. The persistence of
the low decay energy peak after the removal and reduction of the false 2n events demonstrates
strong evidence for the observation of the 26O ground state resonance.
5. 16Be
Shell model calculations, as shown in Fig. 5, have predicted that 16Be is bound with respect to
one-neutron decay and unbound with respect to two-neutron decay [35]. This provides a unique
scenario in which the 16Be should decay through the simultaneous emission of two neutrons.
Experimental measurements (blue solid line) of the first excited state in 14Be [36] and a lower-
limit on the 15Be ground state [37] both indicate that the shell model calculations appear to be
reasonable, which suggests that the 16Be ground state energy should be around 1.0 MeV.
Based on the scenario presented in Fig. 5, three modes of decay for the 16Be can be envisioned.
The two-neutron emission could proceed via sequential decay through the tail of the broad 1/2+
s-state predicted by the shell model calculations. The two-neutrons could also be emitted
simultaneously in an uncorrelated phase-space decay or as a correlated pair in a dineutron-like
decay. Examination of the correlations in the 3-body decay can provide insight into the different
decay modes.
The 16Be ground state was observed through the coincidence measurement of the 14Be +
n + n system. The 3-body decay energy spectrum is shown in Fig. 6(a) with causality cuts
of D12 > 50 cm and V12 > 11 cm/ns applied. A clear peak is observed in the 3-body decay
Fig. 2. Level and decay scheme for neutron-rich isotopes of beryllium. The solid
blue lines represent previous experimental observations of the first excited state
in 14Be [10] and a lower limit on the position of the 15Be ground state [11]. The
dashed b ack lines represent shell mode calculations within the s-p-sd-pf model
space usi g the WBP interaction [12]. The recently measured 16Be ground state
[8] is shown as the solid red line (Adapted from Ref. [13]).
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Fig. 3. (a) Three-body decay energy from the reconstruction of 14Be+n+n, (b)
two-body relative energy of the two neutrons, (c) opening angle θn−n between
the two neutrons in the center-of-mass frame of 16Be. The experimental data are
shown in black triangles, sequential emission in dashed lines, simultaneous phase-
space emission in dot-dashed lines and dineutron decay in solid lines (Adapted from
Ref. [8]).
case to search for correlated two-neutron or dineutron-like decay. In the
previous cases (5H and 10He) the intermediate unbound systems (4H and
9He, respectively) have broad resonances, which can extend below the single-
neutron emission threshold and thus favor sequential decay. The situation
is predicted to be different as shown in Figure 2. The energies levels of 14Be,
15Be and 16Be calculated with the shell model in the s-p-sd-pf model space
using the WBP interaction [12] indicate that the only open decay path is the
direct emission of two neutrons. This is supported by the non-observation of
14Be in the recent two-proton removal reaction from 17C which determined
the lower limit of the 15Be ground state to be at the energy of the first
excited state of 14Be [11].
The decay of 16Be was measured following the one-proton removal reac-
tion from 17B at the Coupled Cyclotron Facility at NSCL/MSU. Neutrons
were measured with MoNA in coincidence with charged fragments. The
three-body decay energy as well as the neutron-neutron-14Be correlations
were measured [8]. The neutron interactions were simulated with GEANT4
[14] using the physics class MENATE R [15] in order to distinguish true
two-neutron events from a single neutron interacting twice in the detector
array [16].
Figure 3 shows the three-body decay energy from the reconstruction
of 14Be+n+n (a), the two-body relative energy of the two neutrons (b),
and the opening angle θn−n between the two neutrons in the center-of-mass
frame of 16Be (c). Simulations corresponding to three different decay modes
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were performed. Sequential emission (dashed lines) and simultaneous phase-
space emission (dot-dashed lines) cannot reproduce the two-neutron relative
energy nor the two-neutron opening angle. Only the dineutron decay sim-
ulation can reproduce all three spectra. It should be mentioned that the
dineutron decay as simulated in a two-body model is only an approximation
and full correlated three-body model calculations are necessary in order to
describe the decay of 16Be more realistically.
3. 26O
Another example of a possible dineutron emitter is 26O. The predictions
for the two-neutron separation energies show significant differences ranging
from 5 MeV bound to 3 MeV unbound (see Figure 4). Several experimental
searches for bound 26O were unsuccessful [46, 47, 48, 49]. The definite proof
that 26O is indeed unbound was established in a recent invariant mass mea-
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Fig. 4. Predictions for the two-neutron separation energy S2n for
26O from various
theoretical models.
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Fig. 5. Decay energy spectrum for 26O (Adapted from [9]).
surement at NSCL/MSU. The setup was similar to the previously discussed
16Be experiment. 26O was produced with the one-proton removal reaction
from a secondary 27F beam. The three-body decay energy spectrum shown
in Figure 5 shows a clear peak near threshold. The extracted decay energy
was 150+50−150 keV [9]. The observed width was dominated by the experimen-
tal resolution so that the expected very narrow width of the ground state
(see discussion below) could not be determined.
The statistics were not sufficient to extract any correlations and thus the
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Fig. 6. Unbound levels in neutron-rich oxygen isotopes near and beyond the
neutron dripline. All energies are in MeV and the decay energies are from [9, 50,
51, 52, 53, 54, 55].
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Fig. 7. Calculated widths and half-lives as a function of decay energy for two-
neutron emission in different orbital configurations. (Adapted from Ref. [56])
details of the decay could not be determined in this measurement. However,
it is an even stronger candidate for a dineutron-like emission than 16Be,
because the ground-state of the intermediate unbound system of 25O is
unbound by 0.77(2) MeV [50] and thus is located about 600 keV above the
26O ground-state (See Figure 6). The figure also shows neutron-unbound
states in the last two bound neutron-rich oxygen isotopes 23O and 24O.
With the exception of the second excited state of 23O [51] and the negative
parity state in 24O [52] all measurements were performed with MoNA at
NSCL/MSU [9, 50, 53, 54, 55]. The energies of the first two excited states
of 24O were recently confirmed by the recent RIKEN measurement [52].
The low decay energy of 26O very close to the two-neutron separation
energy gives rise to speculations that 26O even represent a case for two-
neutron radioactivity with a potentially fairly long lifetime. Grigorenko
el. [56] have calculated the decay widths and half-lives for the two-neutron
emission of 26O for different angular momenta of the neutrons (see Figure 7).
The valence neutrons in 26O are most likely in a [d2] configuration. A lower
limit of 10−14 s can be extracted from Figure 7 for the d2 configuration using
the upper limit of the decay energy from the present experiment (200 keV).
The unsuccessful searches for 26O using fragment separators yield an upper
limit of the half-life of about 200 ns. Thus, the possible range of half-lives
for 26O is still about 7 orders of magnitude with 2·10−7 s < T1/2 < 10−14 s.
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Figure 2: Typical layout of the MoNA-LISA in at the NSCL. The beam enters the vault
from the bottom right.
Nuclear structure measurements with the MoNA-LISA
and the Sweeper
To create neutron-unbound states of oxygen, for example, as was previously done by the
MoNA Collaboration [7], a beam of 26F from the NSCL A1900 spectrometer was incident
on a 9Be target to create neutron-unbound excited states of 24O as well as the ground
state of 25O. All charged fragments (including non-reacted beam) were deflected with a
rigidity up to 4 T-m through the Sweeper [8] [9] [10] [11]. Neutrons are not deflected
and a gap in the Sweeper magnet allows transmission of these neutrons; the MoNA and
the LISA are therefore at zero degrees relative to the 26F beam. The MoNA and now
the LISA record both the neutron’s position and time signature (with multiple-hit capa-
bility). The neutron energy is determined based on its time-of-flight (TOF). The TOF
spectra and the position of the neutron yield the neutron’s momentum vector [1]. The
LISA was built and benchmarkd in 2010 and installed in the N2 vault of the NSCL in the
spring of 2011. Like the MoNA, the LISA consists of 144 rectangular plastic scintillators,
each 2 m x 10 cm x 10 cm. A typical configuration of the MoNA, the LISA and the
Sweeper with necessary charged particle detectors is shown in Figure 2.
All isotopes are identified by a set of charged-particle detectors that determine each frag-
ment’s energy loss, position, and total kinetic energy. Position information comes from
3
Fig. 8. Typical layout of the MoNA-LISA in at the NSCL. The beam enters the
vault from the bottom right (Figure from [57]).
4. Conclusion and Outlook
Neutron decay spectroscopy with radioactive beams is an effective tool
to explore nuclei at nd beyond the neutron dripline. The two-neutron
emission of 16Be corresponds to the first observation of a dineutron-like
ground-state decay and the coincidence measurement of two-neutrons with
24O following the one-proton removal reaction from 27F determines unam-
biguously that 26O is unbound with respect to two-neu ron emission.
The MoNA collaboration has recently commissioned an additional neu-
tron detector array. LISA, the Large multi-Institutional Scintillator Array,
was designed, built, and installed at the NSCL by a collaboration of un-
dergraduate institutions [57]. The addition of LISA improves the effici ncy,
acceptance, and resolution for one- and especially two-neutron experiments.
The data of the first experiment, where the decay of unbound excited states
of 24O was measured with significa tly improved resolution, are currently
under analysis.
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